Loss of the adenomatous polyposis coli (APC) protein is a common initiating event in colon cancer. Here we show that thymocyte-specific loss of APC deregulated b-catenin signaling and suppressed Notch-dependent transcription. These events promoted the proliferation of cells of the double-negative 3 and 4 stages and reduced rearrangements between the variable, diversity and joining regions of the gene encoding T cell receptor (TCR) b, encouraging developmental progression of aberrant thymocytes lacking pre-TCR and ab TCR. Simultaneously, the loss of APC prolonged the mitotic metaphase-to-anaphase checkpoint and impaired chromosome segregation, blocking development beyond the double-negative 4 stage. The result was extensive thymic atrophy and increased frequencies of thymocytes with chromosomal abnormalities. Thus, loss of APC in immature thymocytes has consequences distinct from those of deregulation of b-catenin signaling and is essential for T cell differentiation.
Adenomatous polyposis coli (APC) is a tumor suppressor whose loss is intimately linked with colon cancer. APC is an essential component of the Wnt signaling pathway and is required for the formation of a cytoplasmic complex containing b-catenin, the kinase GSK-3b and axin. In this complex, b-catenin is phosphorylated by GSK-3b and is 'tagged' for degradation 1 . When Wnt signaling is activated by the binding of Wnt soluble proteins to frizzled receptors, this complex is disrupted and nonphosphorylated b-catenin is stabilized. The nonphospholylated b-catenin binds to the Tcf-Lef family of transcription factors and activates Wnt-dependent gene transcription by providing a transcription activation domain to the complex 1 .
Most human colorectal tumors contain mutations in APC, although in rare instances those with an intact APC contain activating mutations of the gene encoding b-catenin that alter the functionally important phosphorylation sites [2] [3] [4] . The APC mutations result in truncated proteins that lack all axin-binding motifs and a variable number of the 20-amino acid repeats that are associated with downregulation of intracellular b-catenin [5] [6] [7] . Those findings led to the idea that the main tumor-suppressing function of APC resides in its capacity to properly regulate intracellular b-catenin 2, 3, 8 . However, APC encodes a multifunctional protein that participates in several cellular processes, including cell adhesion and migration, signal transduction, microtubule assembly and chromosome segregation. In dividing cells, APC is localized at the kinetochore and interacts with the microtubule end-binding protein EB1 as well as the cell cycle checkpoint proteins . It has been proposed that loss of APC may lead to chromosomal instability, which is a hallmark of colorectal cancer. The developmental consequences of loss of APC are not yet clearly understood.
There is indisputable evidence that the canonical Wnt-b-catenin signaling cascade is important in thymocyte development. T cells develop from bone marrow progenitors that migrate to the thymus [12] [13] [14] [15] [16] [17] and commit to the T cell lineage after stimulation of Notch signaling by Delta-like ligands 18, 19 . At the CD44 À CD25 + double-negative 3 (DN3) stage of development, productive rearrangement of the T cell receptor b (Tcrb) locus leads to the assembly of the pre-T cell receptor (pre-TCR), which signals survival, proliferation and differentiation, effectively 'instructing' pre-T cells to develop into the ab T cell lineage 20 . Tcrb rearrangements by variable (diversity) joining (V(D)J) recombination in this stage depend on Notch1 signaling, as thymocyte-specific ablation of Notch1 leads to their supression 21 . Thymocytes express two members of the Tcf-Lef family: Tcf-1 and Lef-1. Ablation of Tcf-1 activity affects all proliferating stages of thymocyte development, including the CD44 + CD25 + DN2 stage and the pre-TCR-dependent CD44 À CD25 À DN4 stage 22 . The Tcf1 À/À developmental block at the DN4 stage is b-catenin dependent, as it can be 'relieved' only by transgenic reconstitution with versions of Tcf that contain an intact b-catenin binding domain 23 . Concomitant ablation of Lef and Tcf-1 results in complete blockade of embryonic thymocytes at the immature single-positive stage 24 . Consistent with those findings, conditional ablation of b-catenin inhibits T cell development at the pre-TCR checkpoint 25 . However, conditional stabilization of b-catenin in DN3 thymocytes allows developmental progression in the absence of pre-TCR and ab TCR 26 .
We have examined here the developmental consequences of thymocyte-specific loss of APC function in vivo. Using two conditional mouse models, one permitting thymocyte-specific loss of APC function and the other allowing direct stabilization of b-catenin, we were able to demonstrate unique properties of APC that are vital to T cell maturation. Our observations show the devastating effect of APC deficiency on a developmental process that involves extensive cellular proliferation.
RESULTS

Thymocyte differentiation after loss of APC function
To characterize the function of APC on thymocyte development, we generated a mouse strain that allowed Cre-dependent conditional truncation of Apc. We flanked exons 11 and 12 of Apc with loxP sites (Apc lox468 ; Fig. 1a) . We achieved functional ablation of APC by Cremediated deletion of these exons, leading to out-of-frame splicing of exon 10 to exon 13 and the generation of a prematurely terminated 468-amino acid protein (APC D468 ). This truncated product was shorter than most reported APC truncations [27] [28] [29] . Constitutive APC D468 truncation was lethal when homozygous, and the heterozygous mice developed intestinal polyps starting at 2 months of age (unpublished observations). Deregulation of b-catenin signaling has been considered the chief consequence of the loss of APC in colon cancer. We compared thymic development after APC truncation with thymic development after expression of a stable b-catenin. We achieved stabilization of b-catenin by Cre-mediated excision of its third exon (Ctnnb1 lox(ex3) ). Exon 3 of b-catenin encodes a protein of 76 amino acids and includes critical phosphorylation sites involved in the degradation of this protein. Its deletion allows the joining in-frame of exons 2 and 4 and expression of a functional dominant-acting stable b-catenin protein 26, 30 .
We achieved thymocyte-specific loss of APC function or stabilization of b-catenin by crossing those conditional gene-targeted mouse strains with a transgenic strain that expresses Cre under the control of the proximal Lck promoter (LckCre) 31 . To monitor the course of Cremediated deletion in compound mutant mice homozygous for the Apc lox468 allele and LckCre(LckCre-Apc lox/lox468 ), we amplified DNA from sorted DN3 and DN4 thymocytes by PCR using primers detecting wild-type alleles, loxP-flanked alleles or deletion of Apc alleles (Fig. 1a) . At the DN3 stage, LckCre-Apc lox/lox468 thymocytes demonstrated a PCR product corresponding to the loxP-flanked allele, indicating that deletion was not complete. However, DN4 thymocytes yielded exclusively the PCR product corresponding to deletion of the allele, indicating that Cre-mediated deletion at this stage had reached completion (Fig. 1b) .
APC is essential in the formation of the protein complex that is responsible for the phosphorylation-destruction of b-catenin 1 , and in its absence, stable, nonphosphorylated b-catenin accumulates in cells. We therefore confirmed functional loss of APC by correlating the Cremediated truncation of Apc with increases in b-catenin. We compared the amount of b-catenin in APC-deficient thymocytes with that achieved through Cre-mediated excision of exon 3 of the gene encoding b-catenin. We analyzed lysates from LckCre and LckCreApc lox/lox468 mice and heterozygous LckCre-Ctnnb1 +/lox(ex3) mice by immunoblot using antibody to b-catenin (anti-b-catenin). LckCreApc lox/lox468 and LckCre-Ctnnb1 +/lox(ex3) thymocytes showed substantial accumulation of wild-type b-catenin and b-catenin lacking the section encoded by exon 3, respectively, greater than those in the LckCre single-transgenic thymocytes (Fig. 1c) . We assessed the course of b-catenin accumulation during thymocyte maturation by intracellular b-catenin staining and flow cytometry (Fig. 1d) . Starting at the DN3 stage of thymic development, steady-state b-catenin gradually increased in LckCre-Apc lox/lox468 and LckCre-Ctnnb1 +/lox(ex3) thymocytes and remained high in all subsequent stages in contrast to that of LckCre mice or the heterozygous LckCre-Apc +/lox468 control mice, in which it remained low throughout development. Accumulation of b-catenin in LckCre-Apc lox/lox468 thymocytes closely resembled that of LckCre-Ctnnb1 +/lox(ex3) thymocytes (Fig. 1c) .
To elucidate the consequences of loss of APC function on thymic development and to compare those with the outcome of direct stabilization of b-catenin, we analyzed thymi from LckCre control and LckCre-Apc lox/lox468 littermates as well as age-matched LckCreCtnnb1 +/lox(ex3) mice for thymic cellularity, subset distribution, thymocyte survival and cell cycling. LckCre-Apc lox/lox468 thymi were noticeably smaller, containing one eight to one tenth the thymocytes in LckCre control thymi and half as many thymocytes as those of agematched LckCre-Ctnnb1 +/lox(ex3) mice (Fig. 2a) . We established the precise distribution of thymocyte subsets in these mice using flow cytometry (Fig. 2b) . 26 . We assessed the frequency of apoptosis after loss of APC function or stabilization of b-catenin by measuring the fraction of annexin V-positive cells in electronically gated thymocyte subsets. DN3, DN4 and CD4 + CD8 + (double-positive (DP)) thymocytes from both LckCreApc lox/lox468 and LckCre-Ctnnb1 +/lox(ex3) mice demonstrated consistently higher frequencies of apoptosis than those of LckCre control mice (P o 0.07; Fig. 3a) . In addition, cumulative data indicated that LckCre-Apc lox/lox468 DN4 thymocytes had only marginally higher frequencies of apoptosis than did LckCre-Ctnnb1 +/lox(ex3) thymocytes (P o 0.28). To address the increased apoptosis mechanistically, we examined the expression pattern of the antiapoptotic protein Bcl-2 during the development of LckCre-Apc lox/lox468 , LckCre-Ctnnb1 +/lox(ex3) and LckCre-Apc +/lox468 thymocytes as well as LckCre control thymocytes by intracellular staining with anti-Bcl-2 and flow cytometry (Fig. 3b, thick lines) . Two 'waves' of Bcl-2 expression have been reported during thymocyte development: one in DN pre-T cells and one in mature single-positive (SP) T cells 32 . DP thymocytes apparently have low expression of Bcl-2. In LckCreApc lox/lox468 and LckCre-Ctnnb1 +/lox(ex3) thymocytes, Bcl-2 expression was downregulated earlier than in LckCre control thymocytes, starting at the DN3 stage. LckCre-Apc lox/lox468 , LckCre-Ctnnb1 +/lox(ex3) and LckCre thymocytes had comparably low Bcl-2 at the DP stage. This expression remained low in TCRb -CD4 + and CD8 + SP cells from both LckCre-Apc lox/lox468 and LckCre-Ctnnb1 +/lox(ex3) mice. This deregulation of Bcl-2 explains in part the increased apoptosis of thymocytes resulting from loss of APC function or stabilization of b-catenin.
We assessed the effect of the APC truncation on thymocyte cycling using intracellular staining with the ratiometric DNA dye 7-aminoactinomycin D (7AAD) and flow cytometry 23 . We electronically gated thymocyte subsets and 'plotted' 7AAD staining to estimate the fraction of cycling cells (Fig. 3c) . Both LckCre-Apc lox/lox468 and LckCre-Ctnnb1 +/lox(ex3) thymocytes showed an increased fraction of cycling cells at the DN3 stage that averaged 16.1% (P o 0.0001) and 16.9% (P o 0.019), respectively, compared with 9.2% for LckCre control cells (Fig. 3c) . At the DN4 stage, cell cycling was reduced for both LckCre-Apc lox/lox468 and LckCre-Ctnnb1 +/lox(ex3) thymocytes (21.87%, P o 0.0002, and 23.4%, P o 0.004, respectively) compared with that of LckCre thymocytes (37%). To assess the possibility that decreased cell cycling at the DN4 stage may have been related to the lack of pre-TCR signaling, we compared intracellular TCRb expression in immature thymocytes of LckCre-Apc lox/lox468 and LckCre-Ctnnb1 +/lox(ex3) mice. Only a few LckCre-Apc lox/lox468 or LckCre-Ctnnb1 +/lox(ex3) thymocytes had detectable intracellular TCRb expression throughout thymocyte development from the (Fig. 3d ). This result is in agreement with the idea that b-catenin stabilization induced by loss of APC function promoted thymocyte development in the absence of pre-TCR and ab TCR. Thus, APC is essential in thymic development. Loss of APC function in immature thymocytes resulted in a precise blockade at the DN4 stage of development, decreased survival of immature thymocytes due to downregulation of Bcl-2, and reduced cell cycling, probably due to the lack of intracellular TCRb and pre-TCR signaling.
Suppression of Tcrb VDJ rearrangements by APC and/or b-catenin Intracellular TCRb chains were reduced in both LckCreCtnnb1 +/lox(ex3) and LckCre-Apc lox/lox468 thymocytes. However, it was not clear whether this resulted from impairment in Tcrb rearrangements or from suppression of Tcrb transcription. To distinguish those possibilities, we compared Tcrb rearrangements in sorted DN3 and DN4 thymocytes from LckCre, LckCre-Apc +/lox468 , LckCreCtnnb1 +/lox(ex3) and LckCre-Apc lox/lox468 mice (Fig. 4a) . For this, we applied a combination of limited and quantitative PCR analyses. We used limited PCR analyses to visualize the overall amounts of Tcrb DJ and VDJ rearrangements in these cells and we used real-time PCR to quantify any differences 33 . Rearrangements involving the V b 5.1 segment were reduced to 4.4% (DN3) and 4.2% (DN4) in LckCreApc lox/lox468 thymocytes and to 11.8% (DN3) and 5.6% (DN4) in LckCre-Ctnnb1 +/lox(ex3) thymocytes compared with rearrangements in the equivalent subsets of LckCre mice, which we considered to be 100%. There were comparable reductions in rearrangements involving the V b 8.2 segment at the DN3 (16.1%) and DN4 (11.7%) stages in LckCre-Apc lox/lox468 thymocytes and DN3 (20.4%) and DN4 (11.4%) stages in LckCre-Ctnnb1 +/lox(ex3) thymocytes, compared with those of LckCre mice (Fig. 4b) . Thus, the lack of TCRb chains in most LckCreApc lox/lox468 and LckCre-Ctnnb1 lox/lox(ex3) developing thymocytes was the result of specific suppression of Tcrb V-to-DJ rearrangements in these cells, whereas DJ rearrangements were not affected (Fig. 4b) .
b-catenin-Notch crosstalk affects Tcrb rearrangements Conditional ablation of Notch1 impairs Tcrb V-to-DJ gene rearrangements, resulting in the development of DN3 and DN4 cells that have reduced intracellular TCRb and mature in the absence of pre-TCR 21 .
Interaction between the Wnt-b-catenin and Notch pathways has been proposed to have important consequences for the regulation of differentiation and self-renewal in other developmental systems [34] [35] [36] [37] .
To address the possibility that Notch activity may be regulated by the loss of APC and the resulting stabilization of b-catenin, we examined Notch-dependent transcription in sorted DN3 and DN4 thymocytes derived from LckCre-Ctnnb1 +/lox(ex3) and LckCre-Apc lox/lox468 mice. Semiquantitive RT-PCR for Notch1 and Notch3 as well as the Notch target genes Hes1 and Dlx1 indicated that both APC truncation and b-catenin stabilization resulted in a reduction in Notch-dependent transcription compared with that of LckCre control cells (Fig. 5) . Downregulation of Notch-dependent transcription was evident in DN4 thymocytes, whereas similar suppression in DN3 cells was not detectable. This result may be related to incomplete Cre-mediated deletion in LckCre-Ctnnb1 +/lox(ex3) and LckCre-Apc lox/lox468 thymocytes and only partial accumulation of b-catenin at this developmental stage (Fig. 1b,d ) To directly determine whether crosstalk between the b-catenin and Notch pathways affected Tcrb VDJ rearrangements, we expressed activated Notch (NotchIC) in immature thymocytes from LckCreApc lox/lox468 and LckCre-Ctnnb1 +/lox(ex3) mice as well as from LckCre control mice and measured intracellular TCRb expression after differentiation after culture of these cells together with OP9-DL1 stromal cells 19 . We magnetically selected CD25 + DN2 and DN3 cells and infected the cells with retroviruses expressing either NotchIC in the context of a bicistonic transcript including enhanced green fluorescent protein (EGFP) or EGFP alone 38 . We independently sorted infected EGFP + as well as uninfected DN2 and DN3 cells (Fig. 6) and cultured the cells on OP9-DL1 stromal cells for 8-9 d. We collected cells from those cultures and stained them with anti-CD45 to identify the lymphoid cells and with anti-CD4 and anti-CD8 to define the cells that had matured during culture. We followed the surface staining with intracellular staining using anti-TCRb and flow cytometry. We analyzed electronically gated CD45 + CD4 + CD8 + cells for intracellular TCRb expression. Infection of immature thymocytes with NotchICexpressing retrovirus partially restored intracellular TCRb expression (Fig. 6) . These findings indicate that b-catenin may 'antagonize' Notch signaling in immature thymocytes and that this crosstalk may affect Tcrb rearrangements.
Loss of APC prolongs the cell cycle and delays cytokinesis
The results presented above indicated that the loss of APC function 'marked' thymocyte development by several defects, which we also noted in mice with stabilized b-catenin. However, only LckCreApc lox/lox468 thymocytes seemed to have a blockade at the DN4 stage of development, which was reflected in a further reduced thymic cellularity. Those additional defects seemed to result from b-cateninindependent functions of APC. APC may be involved in chromosome segregation 10, 11, 39 . An inhibition in chromosome segregation could affect the length of the cell cycle and in this way result in a developmental block. To investigate whether immature thymocytes from LckCre-Apc lox/lox468 mice cycled more slowly than their counterparts from LckCre or LckCre-Ctnnb1 +/lox(ex3) mice, we sorted DN4 thymocytes from these mouse strains and stained them with carboxyfluorescein diacetate succinamidyl ester (CFSE) before culturing the cells for 3 d with OP9-DL1 stromal cells 19 . After 3 d, we collected the nonadherent thymocytes and analyzed their proliferation index as well as progression to the DP and SP stages. Although the fraction of dividing cells in these cultures was similar for LckCre-Apc lox/lox468 (89%), LckCre-Ctnnb1 +/lox(ex3) (71%) and LckCre (76%) thymocytes, the average number of cell divisions after 3 d differed substantially for these cultures (Fig. 7) . Whereas LckCre-Ctnnb1 +/lox(ex3) and LckCre cells had undergone on average 3.32 and 3.34 cell divisions (proliferation index), respectively, LckCre-Apc lox/lox468 cells had undergone an average of only 1.62 cell divisions (P o 0.02). This result indicates that one of the consequences of the loss of APC at the DN4 stage of thymocyte development is an increase in the overall length of the cell cycle. Developmental progression was also affected by the loss of APC. Whereas more than 90% of the LckCre control and LckCreCtnnb1 +/lox(ex3) DN4 cells used to seed these cultures progressed to the DP and SP stages, more than 90% of the equivalent LckCreApc lox/lox468 cells remained at the DN stages.
To determine which stage of the cell cycle was prolonged in LckCre-Apc lox/lox468 thymocytes, we used cell cycle analyses. We sorted DN3 and DN4 thymocytes from LckCre-Apc lox/lox468 and LckCre-Ctnnb1 +/lox(ex3) mice and cultured them on OP9-DL1 cells, then blocked them in metaphase by treating them with colcemid. After 'release' from colcemid, DN thymocytes proceeded to cycle synchronously; however, LckCre-Apc lox/lox468 cells exited mitosis approximately 12 h later than the equivalent LckCre-Ctnnb1 +/lox(ex3) cells, indicating that the lengthening of the cell cycle in LckCre-Apc lox/lox468 cells reflected a delay in the exit from mitosis (Fig. 8a) . This finding was in line with evidence suggesting that APC may be involved in the regulation of mitotic checkpoints 10, 11 and prompted us to specifically address mitotic defects in APC-deficient thymocytes. We therefore magnetically enriched samples from LckCre, LckCre-Apc lox/lox468 and LckCre-Ctnnb1 +/lox(ex3) mice for DN thymocytes and examined chromosome spreads banded with Giemsa-trypsin-Giemsa (GTG) as well as nuclei stained with 4¢,6-diamidino-2-phenylindole. We used these preparations to visualize mitotic defects and abnormal chromosome content as well as accumulation of intrachromosomal translocations. Chromosome preparations from LckCre-Apc lox/lox468 thymocytes but not from LckCre, or from LckCre-Ctnnb1 +/lox(ex3) thymocytes had a distinct mitotic profile, with 20% of the dividing cells containing 80 condensed chromatids (Fig. 8b) . This profile represents the stage immediately after sister chromatid separation and before cytokinesis. Normally cytokinesis proceeds rapidly after chromatid separation, rendering this stage undetectable in similar preparations of wildtype thymocytes. Detection of 80 chromatids indicated that loss of APC function in immature thymocytes introduced a delay in chromosome segregation. In addition to this defect in the metaphase-toanaphase transition, a greater proportion of DN LckCre-Apc lox/lox468 thymocytes seemed to be aneuploid, probably because of aberrant sister chromatid segregation (Fig. 8c) . However, GTG banding of chromosomes seemed normal for both LckCre-Apc lox/lox468 and LckCre-Ctnnb1 +/lox(ex3) DN thymocytes, indicating no substantial increase in intrachromosomal defects. Examination of nuclei stained with 4¢,6-diamidino-2-phenylindole showed additional defects, such as anaphase bridges, which can result from unresolved chromatin Holliday recombination structures, as well as multipolar mitoses, albeit at lower frequencies (5 and 2 defects in 103 LckCreApc lox/lox468 mitoses, respectively, compared with no abnormalities in 124 mitoses in LckCre controls; Supplementary Fig. 1 online) . These observations indicated that loss of APC in DN thymocytes resulted in lengthening of the cell cycle, most likely because of a blockade of the metaphase-to-anaphase transition and chromosome segregation. These outcomes were independent of the stabilization of b-catenin.
DISCUSSION
Loss of APC function affects thymocyte development through two independent and conflicting molecular pathways, one involving the canonical Wnt-b-catenin signaling cascade and the other affecting chromosome segregation. Stabilization of b-catenin supports pre-TCR-independent thymocyte proliferation and promotes developmental progression without pre-TCR and ab-TCR signaling. Here we have demonstrated that this aberrant differentiation involves inhibition of Notch-dependent transcription and suppression of Tcrb rearrangements in mice with active recombination-activating gene 1 and 2 proteins. Stabilization of b-catenin was a direct consequence of the loss of APC. Both the stabilization and ensuing molecular events were comparable in APC-deficient LckCre-Apc lox/lox468 and b-catenin-stabilized LckCre-Ctnnb1 +/lox(ex3) thymocytes, yet the absence of APC resulted in a substantial blockade in T cell development at the DN4 stage and extensive thymic atrophy. The blockade occurred at the level of chromosome segregation and resulted in prolongation of the cell cycle length. These in vivo observations demonstrate the disparity in the consequences of the loss of APC and stabilization of b-catenin in a developmental process that requires extensive cellular proliferation. Thymocytes that escaped the APC deficiency blockade were enriched for chromosomal abnormalities, emphasizing the vital function of APC in chromosome segregation and stability.
DN3 and DN4 thymocytes of both LckCre-Apc lox/lox468 and LckCreCtnnb1 +/lox(ex3) mice had reduced Tcrb V-to-DJ rearrangements. Recombination-activating gene-dependent Tcr rearrangement at the DN3 stage is the single most important event for further T cell maturation. In the mouse, Tcrb rearrangements are controlled by the Tcrb enhancer, located downstream of the constant 2 region of Tcrb 40 . As this fragment contains no consensus binding sites for Tcf-1 and Lef-1, the suppression of Tcrb VDJ-b rearrangements in LckCreApc lox/lox468 and LckCre-Ctnnb1 +/lox(ex3) thymocytes is unlikely to be a direct consequence of b-catenin signaling. We have provided evidence that this suppression may be due in part to the downregulation of Notch activity by b-catenin signaling.
In our studies, loss of APC function and stabilization of b-catenin correlated with suppression of several Notch-dependent transcripts at the DN4 stage of thymocyte development, including Notch1 and Notch3 as well as the Notch targets Hes1 and Dtx1. Conditional thymocyte-specific deletion of Notch1 using the LckCre transgene has been reported to result in reduced VDJ-b rearrangements 21 . To link suppression of rearrangements with the modulation of Notch activity by b-catenin, we introduced NotchIC into immature LckCreApc lox/lox468 and LckCre-Ctnnb1 +/lox(ex3) thymocytes starting at the DN2 and DN3 stages and allowed them to differentiate in OP9-DL1 cocultures in vitro. Indeed, a substantial fraction of DP and SP cells developing from these retrovirus-transduced thymocytes had undergone Tcrb V-to-DJ rearrangements and expressed intracellular TCRb chains. We conclude that crosstalk between b-catenin and Notch may affect at least in part Tcrb VDJ rearrangements.
Negative and positive genetic interactions between Notch and the analog of Wnt in Drosophila melanogaster (Wingless) are thought to be critical in many cell fate decisions 37 . Evidence in mouse systems has lent support to those proposals and has indicated involvement of Notch and Wnt interactions in the regulation of differentiation and self-renewal [34] [35] [36] . Our findings are in line with those proposals indicating antagonistic interaction between the Wnt-b-catenin and Notch activities in developing thymocytes.
As for the length of the cell cycle, DN4 thymocytes that lacked APC function underwent on average one to one-and-a-half fewer cell cycles than their LckCre or LckCre-Ctnnb1 +/lox(ex3) counterparts in 3 d of culture together with OP9-DL1 cells. Cell cycle analyses indicated that this was due to a delayed exit from mitosis. One explanation for this is likely to be a delay in chromosome segregation. Evidence for such a delay was provided by the frequent detection of mitotic cells with 80 chromatids in DN thymocytes from LckCre-Apc lox/lox468 mice. These cells represent the stage after chromatid separation and before cytokinesis. The rapid segregation of sister chromatids after separation to the opposite poles of the mitotic spindle renders this stage undetectable in normal thymocytes. The detection of this stage in 8 0 6 VOLUME 6 NUMBER 8 AUGUST 2005 NATURE IMMUNOLOGY LckCre-Apc lox/lox468 DN thymocytes indicated defects in the metaphase-to-anaphase transition resulting in inhibition of chromosome segregation. Involvement of APC in the control of chromosome segregation has been suggested by studies documenting localization of APC at the kinetochore during mitosis 10, 11 . The exact function of APC at the kinetochore is not clearly understood. However, APC interacts with the microtubule end-binding protein EB1 (ref. 41) . APC also binds to and stabilizes microtubules 42 , localizes to the ends of microtubules embedded in kinetochores, forms a complex with mitotic checkpoint proteins Bub1 and Bub3 and is a substrate for both Bub1 and BubR1 kinases in vitro 10 . To ensure accurate segregation, the mitotic checkpoint acts to block entry into anaphase until both kinetochores of every duplicated chromatid pair have attached correctly to spindle microtubules. Accumulating evidence indicates that unattached kinetochores and/or those not under microtubuleinduced tension mediate a 'wait anaphase' signal 43 . Anaphase ensues soon after the last kinetochore attaches to the spindle 44 and repeated detachment of a meiotic chromosome from a spindle by manipulation with a 'micro-needle' delays anaphase indefinitely 45 . APC might provide a non-motor-related functional link between the chromatids, microtubules and the components of the mitotic checkpoint. In that case, the absence of APC could result in a 'wait anaphase' signal similar to that of an unattached kinetochore. Pre-TCR signaling is thought to promote the survival, proliferation and differentiation of immature thymocytes 46, 47 . Moreover, the process of b-selection requires both Notch and pre-TCR signaling 48 . It is possible that concomitant inhibition of pre-TCR expression and Notch activity may have contributed to the reduced proliferation as well as increased apoptosis of LckCre-Apc lox/lox468 and LckCre-Ctnnb1 +/lox(ex3) DN4 thymocytes. Activated Wnt-b-catenin signaling in these abnormally developing thymocytes may bypass the differentiation signals attributed to the pre-TCR and Notch pathways but may only partially substitute for the proliferation and survival signals 26, 48 .
Our findings have indicated that loss of APC function poses a dilemma for the developing thymocyte. It stabilizes b-catenin, downregulates Notch-dependent signaling, suppresses Tcrb rearrangements and allows for pre-TCR-independent proliferation and aberrant developmental progression. However, it also impairs the cell cycle by imposing a blockade in the metaphase-to-anaphase transition. A solution to this dilemma may be genetic instability and selection for mutations that alleviate the cell cycle block. Thus, whereas independent stabilization of b-catenin would be expected to lead to the accumulation of abnormal cells, it is the loss of APC that is likely to 'select for' malignancy.
METHODS
Mice. The generation and PCR genotyping of Ctnnb1 +/lox(ex3) and LckCre mice has been described 30, 31 . PCR genotyping of Apc lox/lox468 mice and analysis of Cre-mediated deletion was done with the following primers: upstream primer p1 (5¢-GTATTCTCAGTCTTAGCGTTCT-3¢) was used in combination with downstream primer p2 (5¢-TTAACAAGGGCAAAAGGAAACA-3¢) to identify loxP-flanked and wild-type alleles and downstream prime p3 (5¢-AATAAAAA-TAGGAATGCTCTGC-3¢) to assess Cre-mediated deletion. All mice were maintained in specific pathogen-free animal facilities at the Tufts-New England Medical Center (Boston, Massachusetts) and were handled according to protocol 49-03 approved by the Institutional Animal Care and Use Committee of Tufts-New England Medical Center.
Flow cytometry and antibodies. Four-color flow cytometry staining was done as described 49 . The following monoclonal antibodies were purchased from BD PharMingen: anti-CD3 conjugated to phycoerythrin or biotin (17A2 and 500A2); anti-B220 conjugated to CyChrome (RA3.6B2); anti-CD4 conjugated to fluorescein isothiocyanate, CyChrome, phycoerythrin or allophycocyanin (RM4-5); anti-CD8 conjugated to fluorescein isothiocyanate, CyChrome, phycoerythrin or allophycocyanin (53.6.7); anti-TCRb conjugated to phycoerythrin or CyChrome (H57); anti-TCR conjugated to fluorescein isothiocyanate or phycoerythrin or biotinylated (GL3); anti-pan NK conjugated to phycoerythrin or biotinylated (DX5); anti-CD44 conjugated to fluorescein isothiocyanate or phycoerythrin (IM7); anti-CD25 conjugated to allophycocyanin (PC61); anti-Gr1 conjugated to phycoerythrin or biotinylated (RB6.782); anti-CD11b conjugated to phycoerythrin or biotinylated (M1/70); and antiTer119 conjugated to phycoerythrin or biotinylated. Anti-b-catenin was purchased from BD Transduction Laboratories. Biotinylated antibodies were visualized with streptavidin-phycoerythrin (Caltag), streptavidin-CyChrome (PharMingen) or streptavidin-allophycocyanin (Molecular Probes). The fluorescein isothiocyanate-annexin V labeling kit was from PharMingen. Cellular Bcl-2 expression was analyzed as recommended by the manufacturer using anti-murine Bcl-2 (monoclonal antibody 3F11; PharMingen) and purified hamster IgG (anti-trinitrophenol; PharMingen) as a negative control. For analysis of DN CD3 thymocytes, all cells expressing mature T cell or non-T cell markers were 'gated out' of the analyses using a pool of phycoerythrinconjugated or biotinylated antibodies to CD4, CD8, TCRb, TCRgd, CD19, Gr1, Mac1, Ter119 and DX5 ('cocktail' of lineage-specific antibodies) that were visualized with streptavidin-CyChrome. Dead cells and debris were removed by appropriate gating of forward scatter and site scatter. Intracellular staining for TCRb and b-catenin was done as described 26 . After surface staining, thymocyte subsets were fixed in 2% paraformaldehyde, then were stained with anti-TCRbphycoerythrin or anti-b-catenin in 0.1% saponin and 2% FCS in PBS. A Cyan flow cytometer (Dakocytomation) was used for flow cytometry and data were analyzed with FlowJo software (Tree Star).
For enrichment of samples for DN thymocyte subsets before cell sorting, cell suspensions were stained with the biotinylated 'cocktail' of lineage-specific antibodies, followed by incubation with streptavidin-conjugated magnetic beads (Dynal) and magnetic depletion of mature lineages. Enriched cell suspensions were then surface-stained with anti-CD44, anti-CD25 and streptavidinCyChrome. Cell sorting was done with a MoFlo cell sorter (Dakocytomation).
Quantification of Tcrb rearrangements. DN3 and DN4 thymocytes (isolated and stained as described above) were sorted on a MoFlo cell sorter (DakoCytomation). PCR for Tcrb rearrangements and Thy-1 was done as described 33 on total cell lysates with the following primers: D b 2 (5¢), 5¢-GTAGGCACCTGTGGGGAAGAAACT-3¢; J b 2 (3¢), 5¢-TGAGAGCTGTCTCC TACTATCGATT-3¢; V b 5.1, 5¢-GTCCAACAGTTTGATGACTATCAC-3¢; V b 8.2, 5¢-CCTCATTCTGGAGTTGGCTACCC-3¢; 5¢-Thy1, 5¢-CCATCCAGCAT GAGTTCAGC-3¢; and 3¢-Thy1, 5¢-GCATCCAGGATGTGTTCTGA-3¢. An OpticonII (MJ Research) was used for quantitative RT-PCR. Cell lysates were initially amplified in duplicate with the 5¢-Thy1 and 3¢-Thy1 primers to allow equilibration of the cell lysates with respect to DNA content. SYBR Green (Applied Biosystems) chemistry was used for reactions. The 1Â reaction mixtures consisted of 7.5 ml 2Â SYBR Green mix, 0.5 ml of each primer (10 pmol), distilled H 2 O and cell lysate for a final volume of 15 ml. Equilibrated samples were then amplified in independent duplicate reactions with each of the D b 2-J b 2, V b 5.1-J b 2 and Vb8.2-Jb2 combination of primers. Amplification reactions with the 5¢-Thy1 and 3¢-Thy1 primers were included in each experiment as controls. The cycling conditions were 1 min at 94 1C, 2 min at 56 1C and 3 min at 68 1C. The course of the reactions was monitored in real time, and as soon amplification of the wild-type samples entered the linear phase, all reactions were stopped and products were separated by 1.2% agarose gel electrophoresis to visualize differences between the samples. In other experiments, reactions were allowed to reach completion (35 cycles), and a comparative threshold cycle value was chosen to fall within the linear phase for each set of curves. The relative amplification for each of the experimental reactions was determined with the experimental comparative threshold values and amplification of the wild-type samples was considered to represent 100%.
Semiquantitative PCR. Cells were sorted and mRNA was extracted from up to 5 Â 10 4 cells with the High Pure total mRNA isolation kit (Roche). The cDNA was prepared with Superscript II RT kit (Invitrogen). The amount of cDNA was quantified by amplification of Actb (encoding b-actin) using SYBR Green quantitative PCR and an OpticonII (MJ Research). The cDNA abundance was equilibrated and serial 1:5 dilutions were prepared. All PCR amplifications used 'touchdown' conditions with a reaction volume of 30 ml. Oligonucleotide primer sequences were as follows: Notch1 forward, 5¢-CGGTGTGAGGG TGATGTCAATG-3¢, and Notch1 reverse, 5¢-GAATGTCCGGGCCAGC GCC ACC-3¢; Notch3 forward, 5¢-GAGGCTACCTTGGCTCTGCT-3¢, and Notch3 reverse, 5¢-GGCAGCCTGTCCAAGTGATCT-3¢; Dtx1 forward, 5¢-CCCTCGCCACTGCTACCTA-3¢, and Dtx1 reverse, 5¢-AAAGGGAAG GCGGGCAACTC-3¢; Hes1 forward, 5¢-CAGCCAGTGTC AACACGACAC-3¢, and Hes1 reverse, 5¢-TCGTTCATGCACTCGCTGAG-3¢; Actb forward, 5¢-TGG AATCCTGTGGCATCCATGAAAC-3¢, and Actb reverse, 5¢-TAAAACGCAGC TCAGTAA CAGTCCG-3¢.
Chromosome spread preparations and GTG banding. For enrichment for DN thymocytes, thymocyte suspensions were incubated with the following biotin-conjugated antibodies: anti-CD4, anti-CD8, anti-TCRgd, anti-NK1.1, anti-MacI and anti-Ter119. This was followed by incubation with streptavidinconjugated magnetic beads (Dynal). The DN thymocytes obtained were then processed according to the standard methods and chromosome spreads were prepared and GTG-banded.
Retroviral transduction, CFSE labeling and OP9-DL1 stromal cultures. Thymocyte suspensions were prepared from four to five mice and were incubated for 20 min with biotinylated anti-CD25. Cell suspensions were washed to remove excess antibody and were incubated with streptavidinconjugated MACS beads (Miltenyi Biotech). CD25 + cells were selected from magnetic columns following the protocol recommended by the manufacturer. The selected cells (1 Â 10 6 to 2 Â 10 6 cells) were resuspended in 1 ml of aMEM supplemented with 20% FBS, penicillin-streptomycin, interleukin 7 (1 ng/ml), Flt3 ligand (5 ng/ml) and stem cell factor (5 ng/ml) and were preincubated for 3 h at 37 1C. A concentrated retroviral suspension (1 Â 10 7 to 3 Â 10 7 infectious units) and 6.7 mg/ml of polybrene were added to these preincubated cells, followed by 'spin infection' for 90 min at 2,500g. After 16-20 h, cells were stained with anti-CD25-allophycocyanin, anti-CD44-phycoerythrin and anti-CD4-CyChrome plus anti-CD8-CyChrome. EGFP + and EGFP À DN2 and DN3 cells were sorted independently and were cultured for 8-9 d with OP9-DL1 cells as described 19 .
Sorted DN4 thymocytes were labeled with CFSE using a modification of a published method 50 . Sorted cells (1 Â 10 6 to 1.5 Â 10 6 ) were resuspended in 200 ml PBS supplemented with 0.1% BSA and 5 mM CFSE. Cells were incubated in this solution for 10 min at 37 1C and then were washed extensively to eliminate the remaining CFSE. Viability after labeling exceeded 60%. CFSElabeled cells were plated onto 10-cm tissue culture plates containing a confluent monolayer of OP9-GFP cells. Cocultures were done in the presence of 5 ng/ml of Flt3 ligand (Peprotech). Cocultures were collected 3 d later by 'shake-off' and careful pipetting to avoid inclusion of EGFP + GFP + OP9-DL1 stroma cells.
Single-cell suspensions obtained from age-and sex-matched mice were stained with anti-CD25-fluorescein isothiocyanate and anti-CD44-Cychrome as well as antibodies to lineage markers (CD4, CD8, CD44, B220, Mac-1, Ter119, Gr-1, DX5 and TCRgd; all coupled to phycoerythrin). DN3 and DN4 populations were sorted with a MoFlo (Dakocytomation), were pooled and were labeled with anti-CD45-phycoerythrin. Of these pools, 3 Â 10 5 cells were plated in each well of a six-well dish containing a monolayer of OP9-DL1 stroma cells 19 . For synchronization, cells were kept overnight in a-MEM (Gibco Invitrogen) containing 20% FBS and 1 mg/ml of colcemid (Sigma Aldrich). The following morning, cultures were 'released' from colcemid into a-MEM containing 20% FBS and 5 ng/ml of Flt3 ligand. Cell cycle analyses were made every 4 h. Cells from individual wells were collected by vigorous pipetting and were stained for 1 h at 4 1C in the dark with 20 ml 7AAD (Becton Dickinson) in 100 ml PBS containing 2% FBS and 0.04% saponin. Samples were washed and were analyzed by flow cytometry. Gated CD45 + cells were analyzed for the percentages of cells in the S-G2-M phases.
Note: Supplementary information is available on the Nature Immunology website.
